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Fundamentals of SAR Polarimetry

Abstract A comprehensive overview of the basic principles of radar polarimetry is presented. The relevant
fundamental field equations are first provided. The importance of the propagation and scattering behavior in
various frequency bands, the electrodynamic foundations such as Maxwell’s equations, the Helmholtz vector
wave equation and especially the fundamental laws of polarization will first be introduced: The fundamental
terms which represent the polarization state will be introduced, defined and explained. Main points of view
are the polarization Ellipse, the polarization ratio, the Stokes Parameter and the Stokes and Jones vector
formalisms as well as its presentation on the Poincaré sphere and on relevant map projections. The Polarization
Fork descriptor and the associated van Zyl polarimetric power density and Agrawal polarimetric phase
correlation signatures will be introduced also in order to make understandable the polarization state
formulations of electromagnetic waves in the frequency domain. The polarization state of electromagnetic
waves under scattering conditions i.e. in the radar case will be described by matrix formalisms. Each
scatterer is a polarization transformer; under normal conditions the transformation from the transmitted wave
vector to the received wave vector is linear and this behavior, principally, will be described by a matrix
called scattering matrix. This matrix contains all the information about the scattering process and the
scatterer itself. The different relevant matrices, the respective terms like Jones Matrix, S-matrix, Miiller M-
matrix, Kennaugh K-matrix, etc. and its interconnections will be defined and described together with change
of polarization bases transformation operators, where upon the optimal (Characteristic) polarization states are
determined for the coherent and partially coherent cases, respectively. The lecture is concluded with a set of
simple examples.

4. Polarimetric Radar Optimization for the Coherent Case

The optimization of the scattering matrices, derived for the mono-static case is separated into two distinct
classes. The first one, dealing with the optimization of [S], [G], and [K], for the coherent case results in
the formulation of ‘Kennaugh’s target matrix characteristic operator and tensorial polarization fork’ and
the associated renamed ‘Huynen Polarization Fork’ concept plus the ‘co/cross-polarization power density
plots’ and the ‘co/cross-polarization phase correlation plots’, also known as the van Zyl [79, 71] and the
Agrawal plots[78, 90], respectively, in the open literature. The second one, presented in Chapter 5, deals
with the optimization for the partially polarized case in terms of the ‘lexicographic and the Pauli-based
covariance matrices, [C L] and [C P], respectively’, as introduced in Sections 3.7 to 3.10, resulting in the
‘Cloude target decomposition theorems’ and the Cloude-Pottier [27, 57, 58] supervised and
unsupervised ‘Polarimetric Entropy H, Anisotropy A, and & -Angle Descriptors’. In addition, the
‘polarimetric contrast optimization procedure’ dealing with the separation of the desired polarimetric radar
target versus the undesired radar clutter returns of which the alternate lexicographic and Pauli-based
covariance matrix optimization procedures deserve special attention next to the coherent [S] and partially

coherent [ K| matrix cases.

4.1 Formulation of the Mono-Static Radar Optimization Procedure according to Kennaugh for
the Coherent Case

Kennaugh was the first to treat the mono-static polarimetric radar optimization procedure (see Fig. 4.1) for
optimizing (3.9) according to the BSA formulation

E‘(r) = [S]E" (r) 4.1)
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Fig. 4.1 BSA Optimization According to Kennaugh

but with the received field Er(r) being so aligned with the incident field E’ (r) with the reversal of the

scattered versus incident coordinates of the BSA system resulting in Kennaugh’s psuedo-eigenvalue’ [4]
problem of

Opt{[S]} such that [S]E* -1 E=0 (4.2)

The rigorous solution to this set of ‘con-similarity eigenvalue’ problems was unknown to the polarimetric
radar community until the late 1980°s, when Liineburg [54], rediscovering the mathematical tools [116, 117],
derived a rigorous but mathematically rather involved method of the associated con-similarity eigenvalue
problem, not further discussed here, but we refer to Liineburg’s complete treatment of the subject matter in
[52, 53]. Instead, here Chan’s [77] ‘Three-Step Solution’, as derived from Kennaugh’s original work [4], is
adopted.

Three Step Procedure according to Chan [77]

By defining the polarimetric radar brightness (polarization efficiency, polarization match factor) formation
according to (3.26) and (3.27) retaining the factor 1/2 (not contained in the 1983 IEEE Standard and in
Mott’s textbook) [76, 102] as

F-3

T . 2
Po=lpif = S [S]E" 4.3)

in terms of the terminal voltage 7, , being expressed in terms of the normalized transceiver antenna height
h” and the incident field E’, as defined in Mott [76] and in [19], by

_E
I

so that the total energy density of the scattered wave E’ , may be defined by

w=E"E =(S]E') (S]E')=E" (][]’ =E"[G]E" 4.5)

where [G] = [S ]T [S ] defines the Graves power density matrix [7], first introduced by
Kennaugh [4, 5].

V,=h" E°=h" [S]E' with h’ (4.4)
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Step 1
Because the solution to the ‘pseudo-ecigenvalue problem’ of (4.2) was unknown at that time (1954 until

1984); and, since [S] could be, in general, non-symmetric and non-hermitian, Kennaugh embarked instead
in determining the ‘optimal polarization states’ from optimizing the power density matrix so that

[G]E!

opt

-vE =0 (4.6)

opt —

. e 2 2. : . .
for which real positive eigenvalues v, :|l 1| and v, :|l 2| exist for all matrices [S] since [G] is

Hermitian positive semidefinite so that

1
Vi,= % {Tmce [G] + [Tmce2 [G] - 4Det[G]:F} (4.7)
where
v, +v ,=invariant = Trace[G]: Span[S]: [SHH ]2 + [SHV ]2 + [SVH ]2 + [SVV ]2 =K, (4.8)

v, -v, =invariant = Det[G|= (Det[S] \Det[S] ) =(S,,S) = SuSus XSuu Sy =SSy ) (4.9)
For the mono-static, reciprocal symmetric [S], above equations reduce with S, =S, to
v, +v , =invariant = Trace|G|= Span[S]=[S,,, [ +2[S,, } +[S,, | =, (4.10)
and

. . * 2 2
v, -v , =invariant = Det[G|=(Det[S] \Det[S] ) = (SHHSW =18, | )(SHHSW =18, | ) (4.11)

In order to establish the connection between the coneigenvalues of equation (4.2) and the eigenvalues of
[G] in (4.6), one may proceed to take the complex conjugate of (4.2) and insert back in (4.2). Equation (4.2)

has orthogonal solutions if and only if [S] is symmetric. The inverse step is much more difficult to prove

and needs among others the symmetry of[S], which provides another topic for future research.

As a result of these relations, Kennaugh defined the ‘effective polarimetric radar cross-section’ € , also

known as ‘Kennaugh’s Polarimetric Excess &, ¢, in [118], where

&, = Span[S]Jr Z‘Det[S]‘ (4.12)
which comes automatically into play (also in the present formulation) when representations on the Poincare
sphere are considered, which reduces to €, for the mono-static reciprocal case. It plays an essential role in

Czyz’s alternate formulation of the ‘theory of radar polarimetry’ [110], derived from a spinorial
transformation concept on the ‘generalized polarization sphere’, being studied in more depth by Bebbington
[32].

Step 2

RTO-EN-SET-081 2-3
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Using the resulting solutions for v, for the known [G]Z[S ]+ [S ] and [S], the optimal transmit

polarization states E;ptl , and optimal scattered waves Ef)ptl , can be determined as

., =[S]E,, (4.13)

Step 3
The received optimal antenna height h’ept is then derived from (4.4)

E, _([s]E,,)

opt_ _
E’ \ H[S]E’

opt

as hropt :‘ (414)

which defines the ‘polarization match’ for obtaining maximum power in terms of the polarimetric brightness
function (4.4) introduced by Kennaugh in order to solve the polarimetric radar problem [4].

There exist several alternate methods of determining the optimal polarization states either by
implementing the ‘generalized complex polarization p’ transformation, first pursued by Boerner et al. [13];
the ‘com-similarity transformation method’ of Liineburg [52, 53] , the ‘spinorial polarization sphere
transformations’ of Bebbington [32], and more recently the ‘Abelian group method’ of Yang [104 - 105]. It
would be worthwhile to scrutinize the various approaches, which should be a topic for future research.

4.2 The Generalized p - Transformation for the Determination of the Optimal Polarization States
by Boerner using the Critical Point Method

Kennaugh further pioneered the ‘polarimetric radar optimization procedures’ by transforming the

optimization results on to the polarization sphere, and by introducing the co-polarized versus cross-polarized

channel decomposition approach [4] which were implemented but not further pursued by Huynen [9].

Boerner et al. [31, 82], instead, proposed to implement the complex polarization ratio p transformation in

order to determine the pairs of maximum/minimum back-scattered powers in the co/cross-polarization
channels and optimal polarization phase instabilities (cross-polar saddle extrema) by using the ‘critical point
method’ pioneered in [82]. Assuming that the scattering matrix [S(HV')] is transformed to any other ortho-

normal basis {A B} such that

[s‘(w)]:[i%m g%ﬁ}[ur[sﬂﬂ i @19

B4 BB SVH 44

with [U] given by (2.23); and S, =S,,, , S,;=3S,, for the mono-static case, the polarimetric radar
brightness equation becomes

1 2 1 rT 12 l r,T f 1'2
P =2 v = S|E [S]h S| [S]h (4.16)

where the prime ‘ refers to any new basis {A B} according to (4.15).

By implementation of the Takagi theorem [116], the scattering matrix [S (4B)] can be diagonalized [52] so
that

2-4 RTO-EN-SET-081
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0 }Fl ’ }z[Sd] (4.17)

Sis 0 4,

A= S, (,01): (1+p 1P ;ﬁ)il (SHH + 208+ p 12SVV) exp(2jy,) = M 1| exp(2j¢ ) (4.18)

A= Sy (pl ): (1+p1,01*)_1 (/0 Sy = 200y, + SVV) exp(2jy ,) = |/1 2| exp(2/¢ ,)
(4.19)
as shown in [31].

Determination of the Kennaugh target matrix characteristic polarization states: The expression for the power
returned to the co-pol and cross-pol channels of the receiver are determined from the bilinear form to
become:

(i) Cross-pol Channel Minima or Nulls (n), Maxima (m) and Saddle-Optima (s):

For the Cross-pol channel power P, with E" = E'", expressed in terms of the antenna length h

1
1+p'p'*)2

2

(V“ 1|2 pp = AAp = A,p y2+|/1 z|2 pp *)

D pr on
= S (S1h[ =
(4.20)

so that for the cross-pol nulls ( p ;nl’z ), for the cross-pol maxima ( p ;cml,Z ), and for the cross-pol saddle

optima ( p im,z ), according to the critical point method introduced in [82],

“21)
P =0 Pl = i{%} Ctexp(jQV /D) p s = i[ . ﬁ ] — + exp(j(2v)
where
PP w==l PP ==l PP =1 (4.22)

which states that there exist three pairs of orthogonal polarization states, the cross-pol minima ( p 'xnu ), the

cross-pol maxima ( p ;cml,Z ), and the cross-pol saddle optima ( o ;31,2 ), which are located pair-wise at

antipodal points on the polarization sphere so that the lines joining the orthogonal polarization states are at
right angles to each other on the polarization sphere[82].

(ii) Co-pol Channel Maxima (p . ,) and Minima or Nulls ( p le’zﬁ

cml,

For the function of the power P, with E" = E', return to the co-pol channel (c)

1 2 1 ' V|2 1 2 * [ * ' 2 ' [
B= [ = = s, n = —— (|2 f+ 2250 2000 2 020 )
(4.23)
the critical points are determined from
Pan=P w=0 P =P =0 where p . p =1 (4.24)

and the co-pol maxima are identical to the cross-pol nulls as was first established by Kennaugh

RTO-EN-SET-081 2-5
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[4, 5], and utilized by Huynen [9]. In addition the critical points for the co-pol-null minima or nulls ( p ;m,z)

are determined from (4.23) to be

1

P =+(LJZ+LMT xp(j(2v+7/12) (422
enl,2 — — /12 - |12| J |

and it can be shown from above derivations that the co-pol-null minima p 'cnl and p 'cn2

lie in a plane spanned by the co-pol-maxima (cross-pol-minima) and the cross-pol-maxima and the angle
between the origin of the polarization sphere and the two co-pol-nulls is bisected by the line joining the
orthogonal pair of co-pol-maxima (cross-pol-minima) defining the target matrix critical angle 2x2y as shown
first by Kennaugh [4] leading to his tensorial polarization fork formulation.

(iii) Orthogonality Conditions with Corresponding Power Returns:

'

The three pairs of cross-pol-extrema, the cross-pol nulls ( o ) being identical to co-pol maxima

xnl,2
(p 'le’z ), the cross-pol maxima ( p 'xml,z) and cross-pol saddle optima ( p ’m’z ), satisfy the orthogonality

conditions of (4.22) and (4.24) which implies that they are located each at anti-podal locations on the
polarization sphere. We note that the co-pol maxima’ consist of one absolute maximum and an orthogonal
local maximum. The corresponding co/cross-polar power returns become

Min{Px}:erzl(p ;rnl):P)rnZ(p ;an): 0;

Max{Pc}: Pcml(p ;n11)=|/1 1|2 Pcmz(p ;m2>=|/1 2|2 ;
Max(P ) Plp's)=5 (3 [+ 1)
Min{P}: Plp,,)=0;
(4.26)

, 1
Sad{Pf: Pp )= (1 - o)

The resulting co/cross-polar extrema are plotted on the polarization sphere shown in Fig. 4.2

2-6 RTO-EN-SET-081
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Fig. 4.2 Co/cross-polar Extrema

4.3 The Kennaugh Target Characteristic Scattering Matrix Operator, and the Polarization Fork
according to Boerner

Kennaugh was the first to recognize that the orthogonal pairs (X;, X3) of the cross-pol nulls ( p ) or co-

xnl,2
pol maxima ( 2,,,; = P> Pomz = Py ) and the pair ( Sy, S, ) of cross-pol maxima ( p me1,2 ) lie in one main
cross-sectional plane of the polarization sphere also containing the pair ( C;, C;) of non-orthogonal co-pol
nulls ( p,,, , ), where the angle 4y between the two co-pol null vectors on the Poincaré¢ sphere is bisected by

the line joining the two co-pol maxima (cross-pol nulls). These properties were first recognized explicitly
and utilized by Kennaugh for defining his “Spinorial Polarization Fork”, used later on by Huynen to deduce
his ‘Polarization Fork’ concept.

However, Boerner et al. [13, 25, 81, 31, 82], by implementing the complex polarization ratio

transformation, were able to relate the polarization state coordinates P(p') on the Polarization sphere
directly to the corresponding p' on the complex polarization ratio plane. Then according to [82], each

point ,0’ of the complex plane can be connected to the ‘zemith (LC)’ of the polarization sphere, resting
tangent to the complex plane in its ‘origin 0’ of the ‘nadir (RC)’, by a straight line that intersects the sphere
at one arbitrary point , where the ‘nadir (RC)’ corresponds to the ‘origin 0’ of the p' -plane, the ‘zenith (z)’

to the py -circle at ‘infinity (o0’ and the equator representing linear polarization states. Any two orthogonal
polarization states are antipodal on the sphere, like ‘zenith (lefi-circular)’, and ‘nadir (right-circular)’.
Utilizing this property, Boerner and Xi [31] were able to associate uniquely three pairs of orthogonal
polarization states at right angle (bi-orthogonal) on the polarization sphere; i.e. the anti-podal points S;, S,

(p 'xm1,2 Jand Ty, T, (o ;51,2 ), with §,S, and ﬁ being perpendicular to one another (bi-orthogonal); and

' '

similarly to the line X, X, joining X, (nadir: p = p L~m1: 0) and X, (zenith: p ,=p L'm2: 00 ); where

xnl™ xn2™

RTO-EN-SET-081 2-7
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the co-pol nulls ( p Icm,z ) lie on the same main circle on the complex plane of p L;nl,z and p 'xnl,z so that

their corresponding points C,; and C, are symmetric about the diameter X, X, which bisects the angle
between C,, 0, C, known as the Kennaugh target matrix characteristic angle ( 2x2 ¥ ). The ‘great cross-

sectional plane’ containing S5, L X, X, and C,, C, is denoted as the ‘Kennaugh target matrix

characteristic plane’ with corresponding great circle being the ‘Kennaugh target matrix characteristic
circle’.  Fig. 4.3 define the representations of the Poincaré sphere for the general and standardized
polarization fork (Huynen), respectively, including the proper definitions of ‘Huynen’s Geometrical
Parameters (p-target orientation angle; y-target ship angle; t-target ellipticity angle, p =tanaexp(jo)

next to ‘Kennaugh’s target matrix characteristic angle y .

This concludes the description of the ‘Kennaugh polarimetric target matrix characteristic operator’; which
was coined ‘the polarization fork’ by Huynen [9].

4.4 Huynen’s Target Characteristic Operator and the Huynen Polarization Fork

Huynen [9], utilizing Kennaugh’s prior studies [4, 5], elaborated on polarimetric radar phenomenologies
extensively, and his “Dissertation of 1970: Phenomenological Theory of Radar Targets” [9], re-sparked
international research on Radar Polarimetry, commencing with the studies by Poelman [10, 11], Russian
studies by Kanareykin [122], Potekhin [123], and others [1].

Huynen cleverly reformulated the definition of the polarization vector, as stated in [9], so that group-
theoretic Pauli-spin matrix concepts may favorably be applied which also serve for demonstrating the
orientation angle invariance which Huynen coined ‘de-psi-ing (de-y -ing)’ using Y for denoting the

relative polarization ellipse orientation angle. Here, we prefer to divert from our notation by rewriting the
parametric definition of the polarization vector

p( g, 7) =\Erexp(j¢>{°°s'” _Sm"’}[ cnx }

siny cosy || —jsiny
as
. |cos¢p —sing| cost
pa,a,¢,7)=aexp(ja)| . . (4.27)
sing cos¢ | —jsint

which with the use of the Pauli-spin matrices [O‘i] defined in (2.14), the Huynen quaternion group

definitions may be re-expressed as []]:[O'O], [J]:—j[0'3], [K]:j[az], [L]:—j[o]]

1
p(a.a,$,7) = aexp(ja)exp(glJ]) exp( K ]){ 0} (4.28)

with exp(@[J]) =cosg[l]+sing[J] and exp(7r[K])=cosz[/]+sin7[K]

In this notation the orthogonal polarization vector p , becomes

1
P.(a,a .p,7)=a exp(jo,)expi(d+ %)[J 1} exp(=z[K ])[ 0} (4.29)

2-8 RTO-EN-SET-081
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sothat p-p"=a’, p-p.=0.
Utilizing this notation, the transformed matrix [S'(A4B)] becomes
[S"(4B)]=[UT [S(HV)][U] (4.30)

with the orthonormal transformation matrix [U] defined in (2.23), which may be recasted with m=p,k

the so-called maximum or null polarization as defined in [31], into

[U]=[mm,] 431)
Because of the orthonormal properties of m andm |, which satisfy the con-similarity eigenvalue equation
[82], the off-diagonal elements of [S'(4B)] vanish. This in turn can be used to solve for p in (2.23), and
hence for m andm  , without solving the consimilarity eigenvalue problem of (4.6). The complex

eigenvalues p, , , , defined in (4.26) are renamed as s, , and were defined by Huynen as

s, =mexp{2j(v+ p)} 8§, = mtan’ yexp{-2j(o-p)} (4.32)

so that [S (AB)]of (4.30) becomes

mexp{2j(v+ B)} 0

0 mtan® y exp{—2j(v— ﬂ)}} (U (m,m )] (433)

[S'(AB)]Z[U*(m,mL)][
where m=o0,,y,¥,7,,0, and [ are the Huynen parameters, and m denoting the target matrix

magnitude, may be identified to be “Kennaugh’s polarimetric excesso, ~ defined in ( 4.12); and

m(t//, z'm) may be re-normalized as

m<w,fm){c°s'” ‘”}{ }exp(w[J])exp(fm[K]){;} @34

siny  cosy || —jsinz,
and finally with
mexp{2j(v+ B)} 0 710
- L 4.35
{ 0 mtan® y exp{-2j(v— B)} mexp(j3 0 tan’y exp(v[L)) (4.35)

and [L] representing the third modified Pauli-spin matrix, satisfying in Huynen’s notation

[L]=[J1[K]=—[K][J]{‘f 0} P =1 36

0 J
we obtain Huynen’s target matrix characteristic operator

1 0
2

0 tan y} [V (v, 0)] explB) (4.37)

[H(m,v.8;9,,, 0.7, )]= [U*(\V,Tm,u)]m{

RTO-EN-SET-081 2-9
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where
[U(v,7,.v)lexp(y[I])exp(z, [K]exp(v]L]) (4.38)

representing the Eulerian rotations with 2w, 27,, 2vabout the bi-orthogonal polarization axes

S,S, (connecting the two cross-pol maxima), X, X, (connecting the two cross-pol nulls, or equivalently, co-

pol maxima), and 7;7, (connecting the two saddle optima), respectively, with more detail given in Boerner
and Xi [31]. Huynen pointed out the significance of the relative target matrix orientation angle ® = ¢ — i/,
where ¢ denotes the antenna orientation angle, and that from definition of m(l// , Tm) in (4.34), it can be

shown that it can be eliminated from the scattering matrix parameters and incorporated into the antenna
polarization vectors (‘de-psi-ing: de-y -ing’) , and that the Huynen parameters are orientation independent,

which was more recently analyzed in depth by Pottier [58]. The Eulerian angle are indicators of a scattering
matrix’s characteristic structure with ~© denoting the so-called ‘skip-angle’ related to multi-bounce

scattering (single versus double), 7, denotes the helicity-angle and is an indicator of target symmetry

7, =0 or non-symmetry, and /3 is the absolute phase which is of particular relevance in polarimetric radar

interferometry.
1 0
[$1=[U"(p)]exp(v[L]}m exp (v[L]')"[U"(p) I"exp (j§)
[0 tan?y
e']h _p(¢u , 1') e‘]h
V()] =——
1+pp _p‘( _,r,)e'"‘ PRl
m=|4|

Prnt =H=Pemt s Pin2=V = Pima
Pent,2 = £ tAN(R /2 -y )expli( 2y + 7/2)]
Pimt,2 = £8XPLi(2Y +%/2)] (LR)
Prst,2 = £ €XP(12Y) (45°/135° )

Huynen'’s Solution of the Polarization Fork
1 0
[(H]=[U"(¥, 50 v)Im [U” (¥, 70 v )] €XD(E)
0 tan?y
[U(V,1,,v)] S LPALIAD
Fig. 4.3 Huynen’s Polarization Fork (Xi-Boerner Solution)

4.5 Alternate Coherent Scattering Matrix Decompositions by Kroggager and by Cameron
Another class of scattering matrix decomposition theorems [124, 30] were recently introduced, and are also

expressed in terms of the Pauli spin matrix sets y/, ([O‘i], i=0,1,2, 3), by associating elementary scattering

mechanisms with each of the [Gi] , so that for the general non-symmetric case

2-10 RTO-EN-SET-081
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a+b c—jd

[S(a,b,c,d)]|= {

- daele e don) il @)

where a, b, ¢ and d are all complex. Above ‘coherent’ decomposition may be interpreted in terms of four
‘elementary deterministic point target’ scattering mechanisms, viewed under a change of wave polarization
basis, where

a - corresponds to single scattering from a sphere or plane surface

b - corresponds to di-plane scattering (4.40)

¢ - corresponds to di-plane scattering with a relative orientation of 45°

d - corresponds to anti-symmetric ‘helix-type’ scattering mechanisms that transform the incident ~ wave
into its orthogonal circular polarization state (helix related)

Krogager [30] and Cameron [124, 125], among others, in essence made use of this decomposition for the
symmetric scattering matrix case by selecting the desirable combinations of the [Gl.]that suits their specific

model cases best.

In the ‘Krogager Approach’, a symmetric matrix [S K] is decomposed into three coherent components,
which display the ‘physical meaning’ of ‘sphere’, ‘diplane’, and ‘helical targets’, where

[Sc(a.b,d))=alS,, |+ uexp(jg)[S,]+ nexp(jg)[S,.] (4.41)

with additional direct associations with the Pauli matrices defined in (2.14) given by

[Ssph]{(l) ﬂ [Sczi]={(1) _OJ [Shez]{?. K } (4.42)

This decomposition is applied directly to the complex [S] matrix imagery, and results into a rather efficient

sorting algorithm in terms of the three characteristic ‘feature sorting base scatter images’. Using color
composite presentations for the three classes then allows for the associated ‘unsupervised feature sorting’.
This feature sorting method has been applied rather successfully in the interpretation of various geo-
environmental (forestry, agriculture, fisheries, natural habitats, etc.) as well as in law enforcement and
military applications.

In the ‘Cameron Approach’, the matrix [Sc(a,b,c,d )] is decomposed, by separating the non-

reciprocal [SC ] from the reciprocal component|S. |=|S. [ via an orientation angle ¢’, and by further

decomposing the latter into two further components, |So* | and S m , with linear eigen-polarizations via

the angle 7, so that
[S.(a,b,c,d)]=acos¢’ {cos T [Sg‘)ax ]+ sinz [Sé“i‘; ]}+ asin ¢’ [Sc,,, ] (4.43)
which is further analyzed in [40] and its limitations are clearly identified in [27].

Of the many other existing [S (a,b,c,d )] matrix decomposition theorems, mostly derived from alternate
formulations (4.39) of the Pauli spin matrix set ¥, ([O'i], i=0,1,2, 3), defined in (2.14), the three examples

of the Huynen, the Krogager and the Cameron decompositions, it becomes apparent that there exists an
infinum of decompositions non of which is unique and all of them are basis dependent and require a priori
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information on the scatterer scenario under investigation. Yet for specific distinct applications all of them
may serve a useful purpose which highly superior to any non-polarimetric or partially polarimetric treatment.

o R
(b) SDH Decomposition

-

(a) San Francisco Imae

Fig. 4.4 Polarimetric Decompositions: Krogager, 1993. (a) Original San Francisco POLSAR
image with RGB color coded by [HH-VV|, |[HV| and |HH+VV|, respectively.
(b) Sphere (Blue), diplane (Red) and helix (Green) decomposition (SDH) decomposition.

4.6 Kennaugh Matrix Decomposition of Huynen’s Matrix Vector Characteristic Operator

The ‘Kennaugh target matrix characteristic operator’ can also be derived from the Kennaugh matrix, as was
shown by Boerner et al. [78, 90, 31, 82]; using the Lagrangian multiplier method. A more elegant method
was recently devised by Pottier in order to highlight the importance of Huynen’s findings on the ‘target
orientation y invariance’ for both the Kennaugh and the Lexicographic Covariance matrix representations;
and most recently by Yang [119 - 121], who shed more light into the properties of the ‘equi-power-loci’ as
well as ‘equi-correlation-phase-loci’ which deserve careful future attention but will not be further analyzed
here.

Instead, we return to Huynen [9], who provided further phenomenological insight into the properties of the
Kennaugh matrix[ K], by redefining [S] for the symmetric case in terms of the limited set of Pauli spin
matrices.

+b c

stancl-|

b}a[ao]w[al]ﬂ[az] (@40
so that with the formal relation of [ K] with [S], obtained via a Kroenecker product multiplication as

[K]=2[4]™ ([s]®[s"])[4]" (4.45)

insertion of (4.44) into (4.45) yields, using Huynen’s notation
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(4, +B,) F, C, H,

F, (-4,+B,) G D,
K |= v 0 v v (4.46)
[ "/] C, G, (4,+B,) E,

H, D, E, (4,-B,)
where
laf =24, ab"=C-jD
b’ =B, +B be' =E+ jF (4.47)
B[ =B, +B,

|c|2 =B,-B, ac’ =H+ jG
Recognizing that H becomes zero for proper ‘de- -ing’ of [S] as defined in [H] of (4.37) by removing
the y rotational dependence, and inserting it into the antenna descriptors, he was able to redefine his

Kennaugh matrix coefficients such that
H,=Csin2y C, =Ccos2y

G, =Gcos2y — Dsin 2y E, = Ecosdy + Fsindy (4.48)
D, =Gsin2y + Dcos2y F,=-Esin4y + F cos4y

so that the ‘de-y -ed’ [K] becomes, by removing the i -dependence from [K] and incorporating it into
the antenna polarization and Stokes’ vectors, respectively, such that

(4, +B,) F C H=0

F —A,+B, G D
[Kde—y/]: ( 0 0) (449)

C G (4,+B) E

H=0 D E  (4,-B,)

and expressed in terms of the Huynen parameters
A, =0Of cos’ 2t G =(f sin4r,
B, = Q(l +cos’ 2y — f cos’ 2rm) B, = Q(l +cos’ 2y —f(l +sin’ 27, ))
C=2Qcos2ycos2r, D = Qsin” 2y sin 4vcos 27, (4.50)
F =2Qcos2ysin2r, E =-Qsin’ 2y sin4vusin 27,
Q=m2(8cos4 7)71 f=1-sin’2ysin’ sv

Huynen’s decomposition was greeted with comprehension, steadily but slowly so are his phenomenological
argumentations. We note that its uniqueness is not guaranteed, because it is not basis-independent as was
shown by Pottier [126].

4.7 Optimization of the Kennaugh matrix [K] for the Coherent Case Using Stokes’ Vector

Formulism
Using the Lagrange multiplier method applied to the received power matrices for the mono-static reciprocal

case in terms of the Kennaugh (Stokes reflection) matrices [KC] , [Kx], and [Km] of (3.30) and (3.31),
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respectively, derived in [113], enables one to determine the characteristic polarization states similar to the
generalized p-transformation methods.

For simplicity, the transmitted wave incident on the scatterer is assumed to be a completely polarized and
normalized wave q'so that

1
(]2=<61f2+(]§2+61§2)4=1 (4.51)

and re-stating the received power expression defined in (3.26), (3.29), and (3.34) as functions of the optimal
Stokes parameters, where

"[K]d =P (4.4 4), P =q" [K]d =P (4,4 4)
T [K,]4d =P, (4.9 4)

e}

P
(4.52)
P =

Q0

are subject to the constraint of (4.51).This requirement dictates the use of the method of Lagrangian
multipliers to find the extrema of the received powers P, P and P . Reformulating

the equation of constraint to be given by

ba>aina) =g + a2 +42)> —1=0 (4.53)

then the Lagrangian multipliers method for finding the extreme values of any of the three returned power
expressions P, |, ¢, qé) results with / =¢,m,x in

e

DLy s
aq; aq; (4.54)

For the corresponding ‘degenerate deterministic’ (purely coherent) Kennaugh matrix[ K], insertion of the

corresponding F) (qlt s s qé) into (4.54) results in a set of Galois equations yielding for:

(i) the extreme ‘co-polar channel power F,’ four solutions: two maxima p,,, , which are

orthogonal, and two minima (nulls) which may in an extreme pathological case be
orthogonal (or identical but generally are not); and not one more or not one less of any
of these extrema;

(i) the returned ‘cross-polar channel power P_’ with six extreme solutions, being the
three non-identical pairs of orthogonal polarization states: the cross-polar maxima
Pmi.2» the cross-polar minima p,,, ,, and the cross-polar saddle optima p,, , ;

and not one more or not one less of any of these extrema,;

(iiii) the returned power for the ‘matched antenna case P, yields only two solutions
being identical to the ‘co-polar maxima pair p,,, , = p,,,,  and not one more or

not one less of any of these extrema.

In summary, Opt {PC (qlt, 95 qs )} yields always exactly four solutions; Opt {R (qf,qé,qé )} yields always
exactly six solutions (or equivalently three ‘“bi-orthogonal” pairs of orthogonal polarization states);
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and Opt {Pm (qf,q;,qé )} yields always two solutions (or equivalently, exactly one pair of orthogonal

polarization states). This represents an important result which also holds for the partially polarized case
subject to incidence of a completely polarized wave.

A comparison of methods for a coherent scatterer of a specifically given Sinclair matrix [S], with
corresponding [G] and [K], plus [K_], [K,], and [K,, ], analyzed in [113], clearly demonstrates that all of

the methods introduced are equivalent.

4.8 Determination of the Polarization Density Plots by van Zyl, and the Polarization Phase
Correlation Plots by Agrawal

In radar meteorology, and especially in ‘Polarimetric Doppler Radar Meteorology’ the Kennaugh target
matrix characteristic operator concept was well received and further developed in the thesis of Agrawal [78];
and especially analyzed in depth by McCormick [127], and Antar [128] because various hydro-meteoric
parameters can directly be associated with the Huynen or alternate McCormick parameters. In radar
meteorology, the Poincaré sphere visualization of the characteristic polarization states has become
commonplace; whereas in wide area SAR remote sensing the co/cross-polarization and Stokes parameter
power density plots on the unwrapped planar transformation of the polarization sphere surface, such as
introduced independently - at the same time - in the dissertations of van Zyl [79] and Agrawal [78], are
preferred.

Because of the frequent use of the ‘co/cross-polarization power density plots’, P.(p), P, (p) and P.(p);

and the equally important but hitherto rarely implemented ‘co/cross-polarization phase correlation plots
R (p),R (p) and R (p),R  (p)’, those are here introduced. Following Agrawal [78], who first

established the relation between the ‘Scattering Matrix Characteristic Operators of Kennaugh and Huynen’
with the ‘polarimetric power-density/ phase-correlation plots’, we obtain for the reciprocal case S, =55,

(1SuP)  ~2(SuS%)  (S.Si)
[C3L] = <f3L 'f;L> = \/E<SABS:A> 2<| SAB |2> \/E<SABS;B> (4.55)
(SwSh)  V2(SSi)  (ISw )

re-expressed in terms of the co/cross-polarimetric power density expressions:

R(P)=(1SuF)  Pu@)=(Syl) P(p)=(S.:)=P.(p) (4.56)
and the co/cross-polarization phase correlation expressions:

R(P)=(SuSp)  RiP=(SwSu)  R(P=(S,S)  R.(P)=(S,S4) @57

so that [C,,(p)] may be rewritten according to (3.68) — (3.72) as

P(p) 2R(p) R.(p)
[C,, (p)]=|V2 R (p)  2P(p) ~2RI(p) (4.58)
R(p)  ~2RXp) P'(p)

satisfying according to (3.70) and (3.71) the following inter-channel and symmetry relations
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Pc(m =%*j=Pf(p) Rx(m =‘%O*j =| R (p)
(4.59)
Px(m =%*)=Px(p) Rc(pi =%*j =| R.(p)

and frequently also the degree of polarization D, (o) and the degree of coherency u(p) in terms of the

directly measurable P.(p), P, (p) and P.(p); R.(p),R. (p) and R (p),R_ (p), provided a
‘dual-orthogonal, dual-channel measurement system for coherent and partially coherent scattering ensembles
is available requiring high-resolution, high channel isolation, high side-lobe reduction, and high
sensitivity polarimetric amplitude and phase correlation, where
1
R(0) {2.0)-2OIF + 48,6 |
up)=rr e, D)= : . where 0<pu(p)<D,(p)<1
JEPPP) (£.(p)+£.(p)) ’

(4.60)
and for coherent (deterministic) scatterers u =D, =1, whereas for completely depolarized scatterers

u=D,=0.

The respective power-density profiles and phase-correlation plots are then obtained from the normalized

. . . . . .. — T -7 T
polarimetric radar brightness functions as functions of (¢, 2') with 7 <g< 5, T <r< Z so that

Viu(,7)=p" (8, DS(HV)Ip(4,7)

Vis(#,7)=p (6, D[SHV)Ip(4,7) (4.61)
Vs, 7)=p" (4, D[SHV)Ip, (¢.7)

Vss(,7) =p (6. D)S(HV)Ip (4, 7)

where

P AV, |2:| S14(9,7) |2

P =V 'S (1)

R =@ — s |H argV,, (9, 7) —argVy,(4,7) | (4.62)
R(P,7) =@, — 0.5 IH argV (¢, 7)—arglV ,(¢,7)]

R, (9.7) =| Ppp — Py |H a1V 35 (@, 7) —arg vy, (4, 7) |

In addition, the Maximum Stokes Vector q,,,y > and the maximum received power density P, may be

obtained from

B, ($.7) =q,(¢,7) =[K]q(¢,7) (4.63)

where examples are provided in Figs. 4.5 and 4.6 for one specific matrix case [31, 82] given by

SCHVY] = 2j 0.5 464
SHNI=| 5 (4.64)
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Fig. 4.5 Power Density and Phase Correlation Plots for eq. 4.64 (by courtesy of James Morris)

4.9 Optimal Polarization States and its Correspondence to the Density Plots for the Partially
Polarized Cases

According to the wave dichotomy portrayed for partially polarized waves, there exists one case for which the

coherency matrix for the partially polarized case may be separated into one fully polarized and one

completely depolarized component vector according to Chandrasekhar [34]. This principle will here be

loosely applied to the case for which a completely polarized wave is incident on either a temporally

incoherent (e.g., hydro-meteoric scatter) or spatially incoherent (e.g., rough surface viewed from different
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depression angles as in synthetic aperture radar imaging). This allows us to obtain a first order approximation
for dealing with partially coherent and/or partially polarized waves when the polarimetric entropy is low; for

which we then obtain the following optimization criteria:
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Fig. 4.6 Power Density and Phase Correlation Plots for eq. 4.64 (by courtesy of James Morris)

The energy density arriving at the receiver back-scattered from a distant scatterer ensemble subject to a
completely polarized incident wave may be separated into four distinct categories where the Stokes vector is

here redefined with q,and q,denoting the completely polarized and the unpolarized components,

respectively
qo D,q, (I_Dp)qo
0
q=q, +q,=| | =| T |+ (4.65)
q, q, 0
q; q; 0

andqas well as D, were earlier defined, so that the following four categories for optimization of partially

polarized waves can be defined as

9

q,D

P

total energy density in the scattered wave before it reaches the receiver

completely polarized part of the intensity
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q,(1-D,) noise of the unpolarized part
(4.66)

1

qu (1+D p) maximum of the total receptable intensity, the sum of the matched polarized
art and one half of the unpolarized part: 1D ,q, j+ 1 1-D,)q, = 1 1+D,)q,

P 2 2

Considering a time-dependent scatterer which is illuminated by a monochromatic (completely polarized

wave) E', for which the reflected wave E‘is, in general, non-monochromatic; and therefore, partially
polarized. Consequently, the Stokes vector and Kennaugh matrix formulism will be applied to the four types
of energy density terms defined above in (4.66).

4.10  Optimization of the Adjustable Intensity D g,

The energy density D ,g,, contained in the completely polarized part q,of q, is called the adjustable

intensity because one may adjust the polarization state of the receiver to ensure the polarization match as
shown previously for the coherent case. We may rewrite the scattering process in index notation as

3
= ZKU.(]; where j=0,1,2,3 (4.67)
=0

The adjustable intensity D g, can be re-expressed as

R Vs
D, g, {Zqizj = Z[ZKU%J (4.68)
i=0 i=1
where the ¢, are the elements of the Stokes vector of the transmitted wave. The partial derivative of

(quo)z with respect to ¢, can be derived as

§D s 3 8 52 3 ' 3 3
( pqO)zz z q; — 2quéKlk:222K quj (4.69)

t t
oq, o1 0q, i=1 i=1 j=0

For optimizing the adjustable intensity, we apply the method of Lagrangian multipliers, which yields

oD,a) L3
- =2 K 4.70
aqll; an ;]ZO qu] ( :

where ¢ is the constraint equation

¢(qf,q;,q;)=(quaq£2,q§2)% -1=0 (4.71)

Equation (4.70) subject to (4.71) constitutes a set of inhomogeneous linear equations in
q, (,u), q, (,u) and q, (,u), with solutions as three functions of zz. Substituting ¢; (,u; i=1,2, 3) into the
constrained condition (4.71) leads to a sixth-order polynomial Galois equation of z. For each p value,
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41 95, g5, and D ,gq; are calculated according to (4.67) to (4.69). The largest (or smallest) intensity is the

optimal intensity; the corresponding ' is the optimal polarization state of the transmitted wave.

4.11  Minimizing the Noise-Like Energy Density Term: ¢’ (1-D,)

An unpolarized wave can always be represented by an incoherent sum of any two orthogonal completely
polarized waves of equal intensity [14, 15],which leads to 50% efficiency for the reception of the unpolarized
wave. In order to receive as much ‘polarized energy’ as possible, the noise-like energy needs to be
minimized. The total energy density of the unpolarized part of the scattered wave is given by:

2
3 3 3
(I_Dp )q(; =4, —D,q, =ZK0.1"1; B Z( Kithi] (4.72)
=0 =0

Hitherto, no simple method was found for finding the analytic closed form solution for the minimum;
instead, numerical solutions have been developed and are in use.

1
4.12 Maximizing the Receivable Intensity in the Scattered Wave: qu (I+D,)

The total receivable energy density consists of two component parts: 100% reception efficiency for the
completely polarized part of the scattered wave and 50% reception efficiency for the unpolarized part. The
resulting expression for the total receivable intensity:

1

| 1 1S
04D, )i =5+ (-0, g =32 Ko+ 5 (4.73)

can only be solved using numerical analysis and computation. The resulting maximally received Stokes
vector is plotted in Fig. 4.7 (where ¢ was replaced by p); and we observe that for the fully polarized case no
‘depolarization pedestal’ exists. It appears as soon as p <1, and for p =0 it reaches its maximum of 0.5 for

3

which the polarization diversity profile has deteriorated into the ‘flat equal power density profile’, stating

that the ‘polarization diversity’ becomes meaningless.

p=1 p=48 p=0
coherent distributed partially total polarization
point scatterer coherent scatterer noise

Fig. 4.7 Optimal Polarization States for the Partially Polarized Case
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In conclusion, we refer to Boerner et al. [31, 82], where an optimization procedure for (4.65 — 4.68) in terms
of [K] for a completely polarized incident wave is presented together with numerical examples. It should be

noticed here that Yang more recently provided another more elegant method in [119 - 121] for analyzing the
statistical optimization procedure of the Kennaugh matrix.

S.
L.

10.

11.

12.

13.

14.

15.

16.

17.

18.

References

Boerner, W-M., “Recent advances in extra-wide-band polarimetry, interferometry and polarimetric
interferometry in synthetic aperture remote sensing, and its applications,” /IEE Proc.-Radar Sonar
Navigation, Special Issue of the EUSAR-02, vol. 150, no. 3, June 2003, pp. 113-125

Sinclair, G., “Modification of the Radar Target Equation for Arbitrary Targets and Arbitrary
Polarization”, Report 302-19, Antenna Laboratory, The Ohio State University Research Foundation,
1948.

Sinclair, G., “The Transmission and Reception of Elliptically Polarized Waves”, Proceedings of the
IRE, vol. 38, no. 2, pp. 148-151, 1950.

Kennaugh, E. M., “Polarization Properties of Radar Reflections”, Master’s thesis, Ohio State
University, Columbus, March 1952.

Kennaugh, E.M., “Effects of the Type of Polarization on Echo Characteristics”, Reports 381-1 to
394-24, Antenna Laboratory, The Ohio State University Research Foundation, 1949-1954.
Deschamps, G.A., “Geometrical Representation of the Polarization of a Plane Electromagnetic
Wave”, Proceedings of the IRE, vol.39, no.5, pp. 540-544, 1951.

Graves, C.D., “Radar Polarization Power Scattering Matrix”, Proceedings of the IRE, vol. 44, no. 5,
pp. 248-252, 1956.

Copeland, J.R., “Radar Target Classification by Polarization Properties”, Proceedings of the IRE,
vol. 48, no. 7, pp. 1290-1296, 1960.

Huynen, J.R., “Phenomenological Theory of Radar Targets”, Ph.D. thesis, University of
Technology, Delft, The Netherlands, December 1970.

Poelman, A.J. and J.R.F. Guy, 1985, “Polarization information utilization in primary radar”; in
Boerner, W-M. et al. (eds), 1985, “Inverse Methods in Electromagnetic Imaging”, Proceedings of
the NATO-Advanced Research Workshop, (18-24 Sept. 1983, Bad Windsheim, FR Germany), Parts
1&2, NATO-ASI C-143, (1,500 pages), D. Reidel Publ. Co., Part 1, pp. 521-572.

Poelman, A.J. and K.J. Hilgers, 1988, “Effectiveness of multi-notch logic-product polarization
filters for countering rain clutter”, in Proceedings of the NATO Advanced Research Workshop on
Direct and Inverse Methods in Radar Polarimetry, W.-M. Boerner et al (eds), Bad Windsheim,
Germany, September 18-24, 1988; Kluwer Academic Publishers, Dordrecht 1992; NATO ASI
Series C-350, Part 2, pp. 1309-1334.

Root, L.W., ed., 1982, Proceedings of the First Workshop on Polarimetric Radar Technology,
GACIAC, Chicago, IL: 295 p. See also Proceedings of the second and third workshops, 1983 and
1989 respectively, with the same publisher.

Boerner, W-M, and M.B. El-Arini, “Polarization Dependence in Electromagnetic Inverse Problem”,
IEEE Transactions on Antennas and Propagation, vol.29, no. 2, pp. 262-271, 1981.

Boerner, W-M, (ed.), Direct and Inverse Methods in Radar Polarimetry, NATO ASI Series C,
Math. and Phys. Science, Kluwer Academic Publishers, Netherlands, 1985.

Boerner, W-M, (ed.), Inverse Methods in Electromagnetic Imaging, NATO ASI Series C, Math. and
Phys. Science, Kluwer Academic Publishers, Netherlands, 1992.

Boerner, W-M., “Use of Polarization in Electromagnetic Inverse Scattering”, Radio Science, Vol.
16(6) (Special Issue: 1980 Munich Symposium on EM Waves), pp. 1037-1045, Nov./Dec. (1981b).
Boerner, W-M, “Polarimetry in Remote Sensing and Imaging of Terrestrial and Planetary
Environments”, Proceedings of Third International Workshop on Radar Polarimetry (JIPR-3, 95),
IRESTE, Univ.-Nantes, France, pp. 1-38, 1995b.

Boerner, W-M., ‘Recent Advances in Polarimetric Interferometric SAR Theory & Technology and
its Application’” ESA-CEOS-MRS’99, SAR Cal-Val-Workshop, CNES, Toulouse, FR, 1999 Oct.
25-29

RTO-EN-SET-081 2-21



Basics of SAR Polarimetry Il

GANIZATION

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Boerner, W-M, H. Mott, E. Liineburg, C. Livingston, B. Brisco, R. J. Brown and J. S. Paterson with
contributions by S.R. Cloude, E. Krogager, J. S. Lee, D. L. Schuler, J. J. van Zyl, D. Randall P.
Budkewitsch and E. Pottier, "Polarimetry in Radar Remote Sensing: Basic and Applied Concepts",
Chapter 5 in F.M. Henderson, and A.J. Lewis, (eds.), Principles and Applications of Imaging Radar,
Vol. 2 of Manual of Remote Sesning, (ed. R.A. Reyerson), 3rd Ed., John Willey & Sons, New York,
1998.

Boerner, W-M, S.R. Cloude, and A. Moreira, 2002, “User collision in sharing of electromagnetic
spectrum: Frequency allocation, RF interference reduction and RF security threat mitigation in radio
propagation and passive and active remote sensing”, URSI-F' Open Symp., Sess. 3AP-1, 2002 Feb.
14, Garmisch-Partenkirchen, Germany.

Azzam, R. M. A. and N. M. Bashara, 1977, Ellipsometry and Polarized Light, North Holland,
Amsterdam: 539 p.

Beckmann, P., 1968. The Depolarization of Electromagnetic Waves, The Golem Press, Boulder, CO:
214 p.

Chipman, R. A., and J. W. Morris, eds., “Polarimetry: Radar, Infrared, Visible, Ultraviolet, X-Ray”,
Proc. SPIE-1317, 1990 (also see SPIE Proc. 891, 1166, 1746, 1988, 1989, and 3121).

Jones, R., 1941, “A new calculus for the treatment of optical systems, I. Description and
discussion”, J. Opt. Soc. Am., 31 (July 1941), pp. 488-493; “II. Proof of the three general
equivalence theorems, ibid. pp. 493-499; III. The Stokes theory of optical activity”, ibid. pp. 500-
503; ibid. 32 (1941), pp. 486-493 , ibid. 37 (1947), pp. 107-110 (See also Swindell, W., 1975,
Polarized Light, Halsted Press/John Wiley & Sons, Stroudsburg, PA: pp. 186-240).

Boerner, W-M, C. L. Liu, and Zhang, “Comparison of Optimization Processing for 2x2 Sinclair, 2x2
Graves, 3x3 Covariance, and 4x4 Mueller (Symmetric) Matrices in Coherent Radar Polarimetry and
its Application to Target Versus Background Discrimination in Microwave Remote Sensing”,
EARSeL Advances in Remote Sensing, Vol. 2(1), pp. 55-82, 1993.

Cloude S.R., “Polarimetry in Wave Scattering Applications”, Chapter 1.6.2 in SCATTERING, Eds
R Pike, P Sabatier, Academic Press, to be published December 1999

Cloude, S.R. and E. Pottier, “A review of target decomposition theorems in radar polarimetry”,
IEEE Trans. GRS, vol. 34(2), pp. 498-518, Mar. 1996.

Cloude, S. R., 1992, Uniqueness of Target Decomposition Theorems in Radar Polarimetry. Direct and
Inverse Methods in Radar Polarimetry, Part 1, Boerner, W-M, ed. Kluwer Academic Publishers,
Dordrecht, The Netherlands: 267-296.

Cloude, S.R., Polarimetry: The Characterization of Polarimetric Effects in EM Scattering, Ph.D.
thesis, University of Birmingham, Faculty of Engineering, Birmingham, England/UK, Oct. 1986.
Krogager, E., Decomposition of the Sinclair Matrix into Fundamental Components with Application to
High Resolution Radar Target Imaging, Direct and Inverse Methods in Radar Polarimetry, Part 2,
Boerner, W-M., ed. Kluwer Academic Publishers, Dordrecht, The Netherlands: 1459-1478, 1992.
Boerner, W-M. and A-Q. Xi, 1990, The Characteristic Radar Target Polarization State Theory for the
Coherent Monostatic and Reciprocal Case Using the Generalized Polarization Transformation Ratio
Formulation, AEU, 44 (6): X1-X8.

Bebbington, D.H.O, “The Expression of Reciprocity in Polarimetric Algebras”, Progress in
Electromagnetics Research Symposium (PIERS’98), Procs. Fourth Int’l. Workshop on Radar
Polarimetry (JIPR-98), pp. 9-18, IRESTE, Nantes, July 1998.

Czyz, Z.H., "Basic Theory of Radar Polarimetry - An Engineering Approach", Prace PIT, No.119,
1997, Warsaw, Poland, pp.15-24.

Born, M. and E. Wolf, Principles of Optics, 3rd ed. Pergamon Press, New York: 808 p., 1965.
Goldstein, D. H. and R. A. Chipman, “Optical Polarization: Measurement, Analysis, and Remote
Sensing”, Proc. SPIE-3121, 1997 (see Proc. SPIE 891, 1166, 1317, 1746, 1988, 1989: OPT-POL).
Krogager, E. and W-M. Boerner, On the importance of utilizing complete polarimetric information
in radar imaging and classification, AGARD Symposium: Remote Sensing - A Valuable Source of
Information, Toulouse, France, 1996 April 22-25, AGARD Proc., (528 pp.), pp. 17.1 - 17.12.
Krogager, E., Aspects of Polarimetric Radar Imaging, Ph.D. thesis, Technical University of
Denmark (TUD), Electromagnetics Institute, Lyngby, DK, March 1993.

RTO-EN-SET-081



Basics of SAR Polarimetry Il

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Krogager, E., Comparison of Various POL-RAD and POL-SAR Image Feature Sorting and
Classification Algorithms, Journées Internationales de la Polarimétrie Radar, Proc. JIPR'9S8, pp. 77-86,
Nantes, France, 13-17 July, 1998.

Krogager, E., and Z.H. Czyz, “Properties of the Sphere, Di-plane and Helix Decomposition” Proc.
of 3rd International Workshop on Radar Polarimetry, IRESTE, University of Nantes, France, pp.
106-114, April 1995.

Krogager, E., W.-M. Boerner, S.N. Madsen; “Feature-Motivated Sinclair Matrix (sphere/di-
plane/helix) Decomposition and Its Application to Target Sorting For Land Feature Classification,”
SPIE-3120, 144-154, 1997..

Lee, J. S, M R Grunes, T L Ainsworth, L J Du, D L Schuler, S R Cloude, “Unsupervised
Classification using Polarimetric Decomposition and the Complex Wishart Distribution”, IEEE
Transactions Geoscience and Remote Sensing, Vol 37/1, No. 5, p 2249-2259, September 1999

Lee, J.S. and M.R. Grunes, Polarimetric SAR Speckle Filtering and Terrain Classification-An
Overview 26p., Book Ch. in XX, World Sci. Publ., Singapore, 1999

Lee, J.S., “Speckle suppression and analysis for synthetic aperture radar images”, SPIE Optical
Engineering, Vol. 25 No. 5, pp. 636-643, May 1986.

Lee, J-S., M.R. Grunes and R. Kwok, Classification of multi-look polarimetric SAR imaging based
on complex Wishart distributions, Int'l Journal of Remote Sensing, Vol. 15(11), pp. 2299-2311,
1994.

Boerner W-M., ‘Report on POL & POL-IN Session’, ESA-CEOS-MRS’99, SAR Cal-Val-
Workshop., CNES Toulouse, FR, 1999 Oct. 29.

Tragl, K. “Polarimetric Radar Back-scattering from Reciprocal Random Targets”, IEEE Trans.
GRS-28(5), pp- 856 - 864, Sept. 1990 (see Dr. -Ing. Thesis, 1989).

Novak L.M., S. D. Halversen, G. J. Owirka, M. Hiett, "Effects of Polarization and Resolution on
SAR ATR," IEEE Trans. AES, Vol. 33(1), pp. 102-116, Jan. 1997.

Novak, L.M., and C.M. Netishen, “Polarimetric Synthetic Aperture Radar Imaging*, Int’l Journal of
Imaging Systems and Technology, John Wiley & Sons, New York, NY, vol. 4, pp. 306-318, 1992.
Novak, L.M., and M.C. Burl, “Optimal Speckle Reduction in Polarimetric SAR Imagery* /EEE
Trans. AES, vol. 26, no.2, pp. 293-305, 1990.

Novak, L.M., and M.C. Burl, and W.W. Irving, “Optimal Polarimetric Processing for Enhanced
Target Detection®, IEEE Trans. AES, vol. 29, no.1, pp. 234-244, 1993.

Novak, L.M., and S.R. Hesse, “Optimal Polarizations for Radar Detection and Recognition of
Targets in Clutter”, Proceedings, 1993 IEEE National Radar Conference, Lynnfield, MA, April 20-
22,1993, pp. 79-83.

Liineburg, E., Radar polarimetry: A revision of basic concepts, in "Direct and Inverse
Electromagnetic Scattering", H. Serbest and S. Cloude, eds., Pittman Research Notes in Mathematics
Series 361, Addison Wesley Longman, Harlow, U.K., 1996, pp. 257 — 275.

Liineburg, E., “Principles of Radar Polarimetry”, Proceedings of the IEICE Trans. on the Electronic
Theory, Vol. E78-C, no. 10, pp. 1339-1345, 1995 (see also: Liineburg, E., Polarimetric target matrix
decompositions and the 'Karhunen-Loeve expansion', /GARSS'99, Hamburg, Germany, June 28-July
2, 1999).

Liineburg, E., Comments on "The Specular Null Polarization Theory" IEEE Trans. Geoscience and
Remote Sensing, Vol. 35, 1997, pp. 1070 — 1071.

Liineburg, E., V. Ziegler, A. Schroth, and K. Tragl, “Polarimetric Covariance Matrix Analysis of
Random Radar Targets”, pp.27.1 - 27.12, in Proc. NATO-AGARD-EPP Symposium on Target and
Clutter Scattering and Their Effects on Military Radar Performance, Ottawa.Canada, 1991 May 6 —
10 (also see: Liineburg, E., M. Chandra, and W.-M. Boerner, Random target approximations, Proc.
PIERS Progress in Electromagnetics Research Symposium, Noordwijk, The Netherlands, July 11-
15, 1994, CD Kluwer Publishers, 1366-1369).

Cloude, S.R., Potential New Applications of Polarimetric Radar / SAR Interferometry, Proc. On
Advances in Radar methods - with a view towards the Twenty First Century, EC-JRC/SAI (ISPRA)
Hotel Dino, Baveno, Italy, 1998 July 20-22, (Proc. to be published in Fall 98)

Cloude S.R. and E. Pottier, “An Entropy-Based Classification Scheme for Land Applications of
Polarimetric SAR”, IEEE Trans GRS-35(1), 68-78, 1997

RTO-EN-SET-081 2-23



Basics of SAR Polarimetry Il

GANIZATION

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

Kostinski, A.B., B.D. James, and W-M. Boerner, 1988, Polarimetric Matched Filter for Coherent
Imaging, Canadian Journal of Physics, 66: 871-877.

Krogager, E., S.R. Cloude, J.-S. Lee, T.L. Ainsworth, and W.-M. Boerner, Interpretation of high
resolution polarimetric SAR data, Journées Internationales de la Polarimétrie Radar, Proc. JIPR'98, pp.
165-170, Nantes, France, 13-17 July, 1998.

Kozlov, A. L., “Radar Contrast between Two Objects”, Radioelektronika, 22 (7): 63-67, 1979.

Mott, H. and W-M. Boerner, editors, “Radar Polarimetry, SPIE's Annual Mtg., Polarimetry
Conference Series”, 1992 July 23 - 24, San Diego Convention Center, SPIE Conf. Proc. Vol. 1748,
1992

Boerner, W-M., B. Y. Foo, and H. J. Eom, 1987, Interpretation of the Polarimetric Co-Polarization
Phase Term (quy - @vy) in High Resolution SAR Imaging Using the JPL CV-990 Polarimetric L-Band
SAR Data, Special IGARSS Issue of IEEE Transactions on Geoscience and Remote Sensing, 25 (1):
77-82.

Freeman, A. and S.T. Durden, “A Three-Component Scattering Model for Polarimetric SAR Data”,
IEEE Trans. GRS, Vol. 36(3), pp. 963-973, 1998.

Lee, J.S., M.R. Grunes and W.M. Boerner, “Polarimetric Property Preserving in SAR Speckle
Filtering,” Proceedings of SPIE, Vol. 3120, 236-242, San Diego, 1997.

van Zyl, J. J. “Application of Cloude’s Target Decomposition Theorem to Polarimetric Imaging
Radar Data”, SPIE Proceedings (H. Mott, W-M Boerner eds.), Vol. 1748, San Diego, CA, 23-24
July 1992.

van Zyl, J. J., “An Overview of the Analysis of Multi-frequency Polarimetric SAR Data”,
Proceedings of the US-AU PACRIM Significant Results Workshop, MHPCC, Kihei, Maui, HI, 1999
August 24 - 26 (10 pages).

Schuler, D.L., J.S. Lee, G. De Grandi, “Measurement of Topography using Polarimetric SAR
Images,” IEEE Trans. on Geoscience and Remote Sensing, vol. 34, no.5, pp. 1266-1277, 1996.
Schuler, D.L, J.S. Lee, and T.L. Ainsworth, "Topographic mapping using polarimetric SAR data",
International Journal of Remote Sensing, vol. 19(1), pp 141-160, 1988.

Schuler, D.L., J.S. Lee, T.L. Ainsworth, and M.R. Grunes, “Terrain topography measurement using
multi-pass polarimetric synthetic aperture radar data,” Radio Science, vol. 35, no.3, pp. 813-832,
May-June 2000.

Bamler, R. and P. Hartl, “Synthetic Aperture Radar Interferometry”, State of the Art Review,
Inverse Problems, Vol. 14, pp. R1-R54, IOC Publications, Bristol, UK, 1998.

Zebker, H.A. and J.J. van Zyl, Imaging Radar Polarimetry: A Review, Proceedings of the IEEE, Vol.
79, pp- 1,583-1,606, 1991.

Madsen, S.N and H.A. Zebker, "Imaging Radar Interferometry," Chapter 6 (pp. 359-380) in Manual
of Remote Sensing, Vol. 2, Principles and Applications of Imaging Radar, F. M. Henderson and A. J.
Lewis, Eds., American Society for Photogrammetry and Remote Sensing, Wiley, New York, 940 p,
1998

Boerner, W-M., et al., (Guest Eds.), IEEE Transactions on the Antennas & Propagation Society,
Vol. 29(2), Special Issue, Inverse Methods in Electromagnetics, (417 pages) 1980-81(1981a).
Dubois, P.C. and L. Norikane, 1987, “Data Volume Reduction for Imaging Radar Polarimetry”,
Proceedings of IGARSS'87, pp. 691-696, 1987.

Lee, J.S., K.P. Papathanassiou, T. L. Ainsworth, M.R. Grunes and A. Reigber, “A New Technique
for Noise Filtering of SAR Interferometric Phase Images”, IEEE Trans. GRS Vol. 36 , No.5 pp.
1456-1465.

Mott, H., Antennas for Radar and Communications, A Polarimetric Approach, John Wiley & Sons,
New York, 1992, 521 p.

Chan, C-Y., Studies on the Power Scattering Matrix of Radar Targets, M.S. thesis, University of
Illinois, Chicago, Illinois, 1981.

Agrawal, A. P., “A Polarimetric Rain Back-scattering Model Developed for Coherent Polarization
Diversity Radar Applications”, Ph.D. thesis, University of Illinois, Chicago, IL, December 1986.

van Zyl, J. J. “On the Importance of Polarization in Radar Scattering Problems”, Ph.D. thesis,
California Institute of Technology, Pasadena, CA, December 1985.

Papathanassiou, K. P., “Polarimetric SAR Interferometry”, Ph.D. thesis, Tech. Univ. Graz, 1999.

RTO-EN-SET-081



Basics of SAR Polarimetry Il

81.

82.

83.

&4.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Boerner, W-M., W-L. Yan, A-Q. Xi and Y. Yamaguchi, “On the Principles of Radar Polarimetry
(Invited Review): The Target Characteristic Polarization State theory of Kennaugh, Huynen's
Polarization Fork Concept, and Its Extension to the Partially Polarized Case”, IEEE Proc., Special
Issue on Electromagnetic Theory, Vol. 79(10), pp. 1538-1550, Oct. 1991.

Xi, A-Q and W-M. Boerner, “Determination of the Characteristic Polarization States of the target
scattering matrix [S(AB)] for the coherent Monostatic and Reciprocal Propagation Space Using the
Polarization Transformation Ratio Formulation”, JOSA-A/2, 9(3), pp. 437-455, 1992.

van Zyl, J.J. and H. A. Zebker, 1990, Imaging Radar Polarimetry, Polarimetric Remote Sensing, PIER
3, Kong, J. A., ed. Elsevier, New York: 277-326.

van Zyl, J. J., H. Zebker, and C. Elachi, “Imaging Radar Polarization Signatures: Theory and
Application”, Radio Science, vol. 22, no. 4, pp. 529-543, 1987.

Pellat-Finet, P., “An introduction to a vectorial calculus for polarization optics”, Optik, vol. 84 (5),
pp. 169 — 175, 1990: Pellat-Finet, P., 1991, “Geometrical approach to polarization optics I:
geometrical structure of polarized light”, Optik, vol. 87, pp. 68-77.

Stratton, J.A., Electromagnetic Theory, McGraw-Hill, New York, 1941

Ulaby, F. T. and C. Elachi, Editors, Radar Polarimetry for Geo-science Applications, Artech House,
Inc., Norwood, MA, 1990, 364p.

Lee, J.S., W-M Boerner, T. Ainsworth, D. Schuler, I. Hajnsek, and E. Liineburg, “A Review of
Polarimetric SAR Algorithms and its Applications”, Chinese Journal of Remote Sensing, Chong-Li,
Taiwan, in print, 2003.

Kostinski, A.B. and W.-M. Boerner, “On the polarimetric contrast optimization”, I[EEE Trans.
Antennas Propagt., vol. AP-35(8), pp. 988-991, 1987.

Agrawal, A. B. and W.-M. Boerner, ‘“Redevelopment of Kennaugh's target characteristic
polarization state theory using the polarization transformation ratio formalism for the coherent
case”, IEEE Trans. Geosci. Remote Sensing, AP-27(1), pp. 2-14, 1989.

Cameron, W.L., “Simulated polarimetric signatures of primitive geometrical shapes”, IEEE Trans.
Geoscience Rem. Sens., 34,3 793-803, 1996.

Pottier, E., Contribution a la Polarimétrie Radar: de !’approche fondamentale aux applications,
Habilitation a Diriger des Recherches; Dr. Ing. habil., Ecole Doctorale Sciences pour 1’Ingenieur de
Nantes, Université de Nantes, ’IRESTE, La Chantrerie, Rue Pauc, BP 60601, F-44306 NANTES
CED-3, 98-11-12, 1998 ; ibid., "Radar Polarimetry : Towards a future Standardization”, Annales
des Télécommunications, vol 54 (1-2), pp 137-141, Janvier 1999.

Ferro-Famil, L.E., E. Pottier and J.S. Lee, “Unsupervised Classification of Multifrequency and Fully
Polarimetric SAR Images Based on H/A/Alpha-Wishart Classifier,” IEEE Trans. GRS, vol. 39(11),
pp. 2332-2342,2001.

Raney, R. K., “Processing Synthetic Aperture Radar Data”, Int’l JRS, Vol. 3(3), pp. 243-257, 1982.
Cloude, S.R. and K. P. Papathanassiou, “Polarimetric optimization in radar interferometry”,
Electronic Letters, vol. 33(13), pp. 1176-1178, 1997.

Cloude, S.R. and K. P. Papathanassiou, Coherence optimization in polarimetric SAR interferometry,
IGARSS'97Proc., Singapore, 1997 Aug. 03-09,Vol. IV, pp. 1932-1934, 1997.

Papathanassiou, K.P. and S.R. Cloude, “Single-baseline polarimetric SAR interferometry”, /EEE
Trans. GRS. 39 (6), pp. 2352-2363, 2001.

Papathanassiou, K.P. and J.R. Moreira, “Interferometric analysis of multi-frequency and
multi-polarization SAR data”, Proc. IGARSS '96, Lincoln, NE, Vol. 111, pp. 1227-1229, 1996.
Reigber, A., “Polarimetric SAR Tomography”, Dissertation, University of Stuttgart, 2001 October
15 (ISSN 1434-8454, ISRN DLR-FB-2002-02), 2001.

Reigber A., A. Moreira, “First Demonstration of SAR Tomography using Polarimetric Airborne
SAR Data”. IEEE Trans. GRS, vol. 38 (5-1), pp 2142 -2152, 2000.

Reigber, A., A. Moreira and K.P. Papathanassiou, “First demonstration of airborne SAR
tomography using multi-baseline data”. Proc. IGARSS-99 (06-28 07-02), A03 10:50, Hamburg,
Germany, 1999.

IEEE 1983 Standard Test Procedures for Antennas, ANSI/IEEE-Std. 149-1979, IEEE-Publishing,
ISBN 0-471-08032-2 (also see: Number 145-1983: Definitions of Terms for Antennas, /EEE
Transactions on Antennas and Propagation, AP-31(6), November 1983, pp. 11 — 26).

RTO-EN-SET-081 2-25



Basics of SAR Polarimetry Il

GANIZATION

103.

104.

105.

106.

107.

108.
1009.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Deschamps, G. A. and P. E. Mast, 1973, Poincaré Sphere Representation of Partially Polarized Fields,
IEEE Transactions on Antennas and Propagation, 21 (4): 474-478.

Eaves, J. L. and E. K. Reedy, eds., 1987, Principles of Modern Radar, Van Nostrand Reinhold
Company, New York: 712 p.

Cloude, S.R., E. Pottier, W-M Boermer, “Unsupervised Image Classification using the
Entropy/Alpha/Anisotropy Method in Radar Polarimetry”, NASA-JPL, AIRSAR-02 Workshop,
Double Tree Hotel, Pasadena, CA, 2002 March 04-06.

Pottier, E., "La Polarimétrie Radar Appliquée a la Télédétection” Ecole Supérieure des
Télécommunications de Tunis, Tunis, Tunisie, 1999 December 17.

Stokes, G.G., “On the composition and resolution of streams of polarized light from different
sources”, Trans. Cambridge Philos. Soc., vol. 9, pp. 399-416, 1852 (also see: Stokes, G. G., 1901,
Stokes's Mathematical and Physical Papers, Univ. Press, Cambridge).

Poincaré, H., Théorie Mathématique de la Lumiere, Georges Carre, Paris, 310 p, 1892.

Zhivotovsky, L. A., Optimum Polarization of Radar Signals, Radio Engineering and Electronic
Physics: 630-632, 1973, ibid. “The Polarization Sphere Modification to Four Dimensions for the
Representation of Partially Polarized Electromagnetic Waves”, Radiotechnica i Electronica, vol. 30, no.
8, pp. 1497-1504, 1985.

Czyz, Z.H., Czyz, Z.H., “Advances in the Theory of Radar Polarimetry," Prace PIT, No.117, Vol.
XLVI, 1996, Warsaw, Poland, pp.21-28.

Misner, C.W., K.S. Thorne and A Wheeler, 1997, Gravitation, W.H. Freeman & Co., New York
(twentieth printing: 1997)

Graham, A., Kromnecker Products and Matrix Calculus: with Applications, New York: Ellis
Horwood Ltd (John Wiley & Sons), 130 p, 1981.

Yan, W-L., et al, and W-M. Boerner, “Optimal polarization state determination of the Stokes
reflection matrices [M] for the coherent case, and of the Mueller matrix [M] for the partially
polarized case”, JEWA, vol. 5(10), pp. 1123-1150, 1991.

Ziegler, V., E. Liineburg, and A. Schroth, Mean Backscattering Properties of Random Radar Targets: A
Polarimetric Covariance Matrix Concept, Proceedings of IGARSS'92, May 26-29, Houston Texas, pp.
266-268, 1992.

Priestley, M. B., Spectral Analysis and Time Series, Volumes 1 & 2, Univariate and Multivariate
Series, Prediction and Control, Academic Press, New York, 1981.

Takagi, T., On an algebraic problem related to an analytical theorem of Caratheodory and Fejer and
on an allied theorem of Landau, Japanese J. Math., 1, pp. 83-93, 1927

Horn, R. A. and Ch. R. Johnson, Topics in Matrix Analysis, Cambridge University Press, New
York, 1991; ibid: Matrix Analysis, Cambridge University Press, New York, 1985

Kennaugh, E.M., “Polarization dependence of radar cross sections - A geometrical interpretation”,
IEEE Trans. Antennas Propag., (Special Issue on Inverse Methods in Electromagnetic Scattering,
W.-M. Boerner, A; K. Jordan, I. W. Kay, Gust Editors), vol. AP-29(3), pp. 412-414, 1981.

Yang, J., Y. Yamaguchi, H. Yamada, M. Sengoku, S. M. Lin, “Stable Decomposition of Mueller
Matrix”, IEICE Trans. Comm., vol. E81-B(6), pp. 1261-1268, June 1998

Yang, J., Yoshio Yamaguchi, Hiroyoshi Yamada, "Co-null of targets and co-null Abelian group,"
Electronics Letters, vol.35, no.12, pp.1017-1019, June 1999.

Yang, J., Yoshio Yamaguchi, Hiroyoshi Yamada, Masakazu Sengoku, Shi -Ming Lin, Optimal
problem for contrast enhancement in polarimetric radar remote sensing, J-IEICE Trans. Commun.,
vol.E82-B, no.1, pp.174-183, Jan. 1999

Bogorodsky, V.V., D.B. Kanareykin, and A.l. Kozlov, “Polarization of the Scattered Radio
Radiation of the Earth’s Covers”, Leningrad: Gidrometeorizdat, 1981 (in Russian).

Kanareykin, D.B., N.F. Pavlov, U.A. Potekhin, “The Polarization of Radar Signals”, Moscow:
Sovyetskoye Radio, Chap. 1-10 (in Russian), 1986, (English translation of Chapters 10-12: “Radar
Polarization Effects”, CCM Inf. Corp., G. Collier and McMillan, 900 Third Ave., New York, NY
10023).

Cameron, W.L. and L.K. Leung, “Feature-motivated scattering matrix decomposition”, Proc. IEEE
Radar Conf., Arlington, VA, May 7-10, 1990, pp. 549-557, 1990.

RTO-EN-SET-081



Basics of SAR Polarimetry Il

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

6.

A.

Consider a matrix [A] = [a..

Barnes, R.M., “Roll Invariant Decompositions for the Polarization Covariance Matrix”, Internal
Report, Lincoln Laboratory, MIT, Lex., MA 02173-0073.

Pottier, E., Contribution de la Polarimétrie dans la Discrimination de Cibles Radar, Application a
I’Imagérie Electromagnétique haute Resolution, Ph.D. thesis, IRESTE, Nantes, France, December
1990.

McCormick, G. C., “The Theory of Polarization Diversity Systems (in Radar Meteorology): The
partially polarized case”, [EEE Trans. Ant. & Prop., vol. AP-44(4), pp. 425-433, 199%6.
(McCormick, G. C. and A. Hendry, 1985, “Optimum polarizations for partially polarized
backscatter”, IEEE Trans. Antennas Propagation, AP-33(1), pp. 33-39).

Antar, Y.M.M., “Polarimetric Radar Applications to Meteorology”, in W-M Boerner et al. (eds.)
Direct and Inverse Methods in Radar Polarimetry, Part 2, pp. 1683-1695, Kluwer Academic
Publishers, Dordrecht, NL, 1992.

Kostinski, A.B, and W-M. Boerner, “On foundations of radar polarimetry”, IEEE Trans. Antennas
Propagation, vol. AP-34, pp. 1395-1404, 1986; H. Mieras, “Comments on 'Foundations of radar
polarimetry"’, ibid, pp. 1470-1471; “Authors's reply to 'Comments' by H. Mieras”, ibid. pp. 1471-
1473.

Yamaguchi, Y., Y. Takayanagi, W-M. Boerner, H. J. Eom and M. Sengoku, “Polarimetric
Enhancement in Radar Channel Imagery”, IEICE Trans. Communications, vol. E78-B, no. 1, pp. 45-
51, Jan 1996

Holm, W.A., R.M.. Barnes, “On radar polarization mixed target state decomposition techniques”,
Proceedings of the 1988 National Radar Conference, pp. 248-254, April 1988.

Ostrobityanov, R.V., and F.A. Basalov, “Statistical Theory of Distributed Targets”, Dedham, MA:
Artech House, 364 pages, 1985.

Potekhin, V.A. and V.N. Tatarinov, “The Theory of Coherence of Electromagnetic Fields”,
Moscow, M. Sov. Radio, 1978.

Touzi R., A. Lopes, J. Bruniquel , and P. Vachon, “Unbiased estimation of the coherence for SAR
Imagery”, IEEE Trans. Geoscience Remote Sensing, Vol. 37, No. 1, Jan. 1999

Rignot, E., R. Chellapa, and P. Dubois, Unsupervised segmentation of polarimetric SAR data using
the covariance matrix, IEEE Trans. Geoscience and Remote Sensing, 30(4) 697-705, 1992.

Von Neumann, J., “Distribution of the ratio of the mean-square successive difference to the
variance”. Ann. Math. Statist., 12, 367-395.

Goodman, N. R., Statistical analysis based on a certain multi-variate complex Gaussian distribution
(an introduction), Annals of Mathematics and Statistics, 34 (1963) 152-177

Appendices

The Standard Kronecker Tensorial Matrix Product

] of order (mxn) and a matrix [B]= [by] of order (rxs). The Kronecker product

g

of the two matrices, denoted [ 4] ® [B] is defined as the partitioned matrix

a,[B] a,[B] ... a,[B]
[A] ®[B] _ aZI:[B] azzz[B] azn:[B] A
aml[B] amZ[B] t amn [B]

[4]® [B ] is of order (mrxns). It has mn blocks; the (i, j)th block is the matrix a,[B]of order

(rxs).
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B. The Mueller Matrix and The Kennaugh Matrix

The Mueller Matrix
For the purely coherent case, the Mueller matrix[M ] can formally be related to the coherent Jones scattering
matrix [T'] as

M1=]l 1 1 1[4 (71T Al =[AI(T1®[TT)[A]" (B.1)

with the 4x4 expansion matrix [ 4] given by:

1 0 0 1
(A]= 1 0 -1
01 1 O
0 j —-j O

so that the elements M ; of [M ] are:

1 2 2 2 2
M'1:7(|T"" o[+l + [Ty ) My =Re(TuTh + Tyl )
Mlz:%(|Txx2-|Txy2+|Tyx2-|Tyy|2) Mzn=Re(TuTh - ToTh)
My =Re (TuTh + TuT)) Mss = Re(TuT'y + ToTh)
M14:Im(Txijry+T)ch;y) M34:Im(TxxT;y'TxyT;C) (B.2)
M21=%(|TH2+|Txy2-|Tyx2-|Tyy|2) M41=Im(T;xTyx+T§yTW) |
M22=%(|Txx2-|Txy2-|Tyx2+|TW|2) Mo = (Tl - T T )

) ) Mo =Mm(T0T, + ThT)
Mis = Re (TuT - TnT) M =Re(TuT) - Ty T )

M24=Im(TxxTiy-TyxT:}’)

If [T] is normal, i.e. [T][T]" =[T] [T],then [M] is also normal, i.e. [M][M] =[M] [M]

The Kennaugh Matrix
Similarly, for the purely coherent case, [ K] can formally be related to the coherent Sinclair matrix [S] with

A7 %[A]* as

[K1=2[4]""([S1®[ST)H[A]" (B.3)
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K= (18l + sl + ]850 +]54]) Ksi = Re( 8. S0 + 545))
K =3 (Isul 5ol #[5ul -1501) ko = Re( 5080 - 5,55)
Ki=Re (5,5, +5,.5,) Ko = Re($.cS3y + §15.x)
K= Im (5,85 + 5.5 ) Kuo = Im (8087, + 88x) B4
Ko = 4(I5ul +15uf - [5uf - [5,[)  Ko=Im(SuSi+ $o85) v
Ko = 3(I8ul -8l - |80l +|50[) Ko S

Ky = Im( SxxS;y - Snyiy )

K»=Re (SuS,-8.8y) Ku=-Re( 8.8 -85,8n)
xx O yy Xy L2 yx

Ko = Im ( SxxS;y - Sny;y)

If [S] is symmetric, S, =S, , then [K] is symmetric, K, = K, , so that for the symmetric case

2+2

2 2
K“:%( S, Sol +|5.] ):%Span[S]
Ki,=0
Ki;=0
K1.4=0
K»n=0
2 2
K22=%(|Sxx|2 _2 Sxy +‘Syy‘ )
K23:Re (SxxS;y - Sny:y)
K»=0
K31:O
K»=0
2 *
K33:‘Sxy‘ +Re(SxxSyy)
K3=0
Ku=0
Ki»n=0
Kui=0 (B.5)

K44:‘ Sxy ‘Z_Re( SxxS;y )
with

- 1$ 1 .
K :;Kii :EZ;Kii :Egﬂi([s] [S]):Span[S]
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